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State-of-the-art industrial semiconductor device modeling is based on highly efficient Drift-
Diffusion (DD) models that include some quantum corrections for nanodevices. In contrast, latest
academic quantum transport models are based on the non-equilibrium Green’s function (NEGF)
method that cover all coherent and incoherent quantum effects consistently. Carrier recombina-
tion and generation in optoelectronic nanodevices represent an immense numerical challenge when
solved within NEGF. In this work, the numerically efficient Bu¨ttiker-probe model is expanded to
include electron-hole recombination and generation in the NEGF framework. Benchmarks of the
new multiple-particle Bu¨ttiker probe method against state-of-the-art quantum-corrected DD models
show quantitative agreements except in cases of pronounced tunneling and interference effects.
I. INTRODUCTION
State-of-the-art semiconductor device fabrication tech-
niques allow for device design at the atomistic length
scale [1]. The performance of nanodevices is equally influ-
enced by coherent quantum mechanical phenomena (such
as confinement, tunneling and interference) [2,3] and in-
coherent scattering of electrons on device imperfections
and lattice vibrations [4,5]. The performance of solar
cells [6,7], lasers [8] and light emitting diodes [9,10] criti-
cally depend on the incoherent interaction of electrons
with phonons and photons and the interplay between
radiative, Auger and Shockley-Read-Hall (SRH) recom-
bination. Carrier generation and recombination affect
the off-current and switching characteristics of tunnel-
ing field effect transistors [11,12]. The non-equilibrium
Green’s function method (NEGF) is among the most gen-
eral methods to describe coherent and incoherent trans-
port physics [5]. Due to the large numerical load when
incoherent scattering is included in the self-consistent
Born approximation [5], NEGF is typically applied in
the coherent transport limit [13]. This is particularly
problematic in nanodevices with pronounced incoherent
effects [14].
There are various algorithms to include incoherent
scattering in NEGF. The self-consistent Born approxima-
tion can rigorously treat incoherent scattering [5], carrier
generation [15] and recombination [16]. However, the
self-consistent Born approximation involves several non-
linear and highly dimensional integro-differential equa-
tions, which yield high computational load. The multi-
scale and multi-physics NEGF implementation of Ref. 9
had been designed for modeling light emitting diodes
with low numerical load. It requires full charge carrier
thermalization in each quantum well. Electron-hole re-
combination process is limited to the fully thermalized
quantum wells as well. The Bu¨ttiker-probe model [17–
19] represents a good compromise between the accuracy
of NEGF and the numerical efficiency of heuristic scat-
tering models for devices with incomplete carrier ther-
malization. In this work, the Bu¨ttiker-probes are ex-
tended to cover electron-hole recombination and gener-
ation in addition to its traditional application space of
mobility limiting intraband scattering. Current conser-
vation for intraband and interband scattering is ensured.
NEGF predictions with the augmented Bu¨ttiker-probes
are benchmarked against the drift-diffusion(DD) method
of Atlas [20]. DD is at the core of industrial technol-
ogy computer aided design (TCAD) tools for micro-scale
devices [21,22]. DD is known for its computational ef-
ficiency, but it requires to additional correction terms
for mimicking coherent quantum effects [23–25]. The
NEGF with Bu¨ttiker-probe transport predictions of pn-
junctions agree quantitatively with DD results of the
ON-current density and with results of the density in
thermalized device regions. pn junctions that include
quantum wells can serve as solar cells [26,27] and photo-
detectors [28]. Therefore, the new method is also bench-
marked against a quantum corrected DD model for car-
rier recombination and light absorption. Deviations are
found in cases with pronounced tunneling and interfer-
ence effects. It is worth to mention the method is compat-
ible with arbitrary basis representations, ranging from ef-
fective mass[29] and k.p [30] to atomistic approaches [31–
34].
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2II. METHOD
The new Bu¨ttiker probes are benchmark against state-
of-the-art TCAD methods on two devices - a GaN pn
diode and a GaN pn diode including an intrinsic InGaN
quantum well centered at the p-n interface. GaN elec-
trons and holes are modeled each in effective mass as-
suming the isotropic masses me = 0.2m
∗ and mh =
1.25m∗[35]. The position dependent electron and hole
recombination and generation [36] rate (RR/G) depends
on the contributions of SRH, radiative recombination,
Auger effect and light absorption
RR/G(x)
= RSRH(x) +Rradiative(x) +RAuger(x) +RG(x).
(1)
The SRH recombination rate is given by Ref. [36]
RSRH(x)
=
Nn(x)Np(x)− n2intrinsic
(Nn(x) + nintrinsic)/A+ (Np(x) + nintrinsic)/A
(2)
with A = 2.6 × 106s−1, the empirical parameter of the
inverse recombination lifetime [21,37,38], nintrinsic the
intrinsic carrier density[39] and Nn,p, the density of elec-
trons (n) and holes (p). We solve the radiative recombi-
nation rate by [36]
Rradiative(x) = B ·Nn(x)Np(x) (3)
with the empirical parameter [21,37,38] B = 1.48 ×
10−11cm3s−1. We determine the Auger recombination
rate with [36]
RAuger(x) = C ·
(
Nn(x)
2Np(x) +Np(x)
2Nn(x)
)
(4)
with the empirical parameter [21,37,38] C = 1.6 ×
10−30cm6s−1. Note that we use the same ABC parame-
ters for all NEGF and TCAD results literature. In most
calculations, the generation current density RG(x) is set
to 0. Only when explicitly mentioned that illumina-
tion is included, the generation current density RG in
the well is determined by integrating photon numbers of
the solar spectrum of energies larger than the bandgap
of In0.13Ga0.87N. Outside the well, RG(x) is assumed to
vanish
RG(x) =
{
RG, x ∈ InGaN
0, otherwise.
(5)
The performance of the two devices is solved in NEGF
with the new Bu¨ttiker probes. The NEGF results are
benchmarked against DD and quantum corrected DD
model (SILVACO-ATLAS[20]) results.
For all models, the spatially resolved recombination
and generation rate (RR/G(x)) is multiplied with the el-
ementary charge and integrated along the total device
to solve for the total recombination and recombination
current density JR/G.
JR/G =
∫ L
0
RR/G(x)dx. (6)
For each carrier type a current conservation law modified
by the recombination and generation is fulfilled
Js,n + Jd,n + JR/G = 0
Js,p + Jd,p − JR/G = 0.
(7)
Js/d,n (Js/d,p) defines the source/drain current density
for electrons (holes). The total measurable current den-
sity at the source is given as
Jtotal = Js = Js,n + Js,p. (8)
An equivalent equation holds for the drain current den-
sity.
A. NEGF with Bu¨ttiker probes
Electron and hole properties are solved within the
NEGF method [40]. To limit the computational load, the
devices are partitioned and Green’s functions are solved
recursively on the resulting slabs [41]. The retarded
Green’s function GR is solved by the Dyson equation[40]
GR = [E −H − ΣRS − ΣRD − ΣRBP ]−1. (9)
The lesser Green’s function G< is given in the Keldysh
equation
G< = GR(Σ<S + Σ
<
D + Σ
<
BP )G
R†. (10)
All Green’s functions and self-energies are matrices in the
discretized positions space. Their dependency on the in-
plane momentum k‖ and energy E is omitted in Eqs. (9)
and (10) for better readability. The source and drain con-
tact self-energies are given by ΣR,<S and Σ
R,<
D . Scatter-
ing of electrons and holes is included with Bu¨ttiker probe
self-energies (ΣR,<BP ) [41–43]. Quantities such as the den-
sity of states, the particle density, the state occupancy
and the current density can be deduced from the Green’s
functions as typical for the NEGF method [40,44].
The retarded Bu¨ttiker probe combines all intra-
band scattering processes, such as scattering on various
phonons, impurities and electron-electron scattering into
the empirical scattering parameter η [9]. To resemble
the Urbach tail[45,46] in GaN, η is exponentially decay-
ing into the band gap. For electrons in the conduction
band, the retarded Bu¨ttiker probe self-energy reads
ΣRBP,n/p(x, x
′, k‖, E) = δ(x− x′)
×

aηn, if E ≥ Ec
(
x, k‖
)
aηn · exp
(
−Ec(x,k‖)−Eλ
)
, if Ec
(
x, k‖
)
> E ≥ Ec+Ev2
aηp · exp
(
Ev(x,k‖)−E
λ
)
, if Ec+Ev2 > E ≥ Ev
(
x, k‖
)
aηp, if Ev
(
x, k‖
)
> E.
(11)
3In all NEGF calculations, the mesh size a is set to
0.259 nm.
The retarded Bu¨ttiker probe for holes in the valence
band has the same formula, but with valence band pa-
rameters. Similar to Ref. 47, the electron and hole mo-
bility are deduced from the respective resistivity of n-
or p-doped homogeneous material samples solved with
NEGF and Bu¨ttiker probes
ρn,p =
dRΩn,p
dL
=
1
q(µ˜n,pNn,p)
. (12)
Here, RΩ refers to the resistance of GaN samples of length
L, RΩ(L) = Vsd/I(L). The applied Fermi level difference
of source and drain in the mobility calculation is set to
10 meV. I(L) is the length dependent current density for
electrons or holes and solved for L = 20 nm and L =
25 nm. The empirical scattering parameter ηn = 0.05 eV
for electrons and ηp = 0.06 eV holes are chosen such
that the respective NEGF predicted mobility agrees with
µ˜e = 56.88cm
2/(V s) and µ˜h = 10.0cm
2/(V s) (taken
from Ref. 48). For completeness, Fig.1 shows the GaN
hole and electron mobility as a function of the respective
η. The band tail parameter λ is chosen to be 55 meV
for electrons according to Ref. 49. The same value is
assumed for holes.
FIG. 1. NEGF predicted mobility of a homogeneous semicon-
ductor with p and n doping density of 1020/cm3 as a function
of the product of ηn,p of Eq. (11) with the mesh spacing a.
The ”lesser than” Bu¨ttiker probe self-energy Σ<BP is
depending on the Bu¨ttiker probe Fermi-levels, µn/p(x)
Σ<BP,n/p(x, x
′, k‖, E) =
−F (µn(x), E) (ΣR(x, x′, k‖, E)− Σ†R(x, x′, k‖, E)),
if E ≥ Ec+Ev2
−(1− F (µp(x), E) (ΣR(x, x′, k‖, E)− Σ†R(x, x′, k‖, E)),
if E < Ec+Ev2 .
(13)
Here, F is the equilibrium Fermi distribution function.
In this work, µn(x) and µp(x) are solved iteratively to
satisfy the overall current conservation
Rn(x) = Rp(x) = RR/G(x) (14)
Rn and Rp represent the net electron and hole current
of the Bu¨ttiker probe at position x, respectively. In the
state-of-the-art Bu¨ttiker probe models, µn(x) and µp(x)
are solved separately which ensures both, electron and
hole current conservation individually. Equation (14)
agrees with the common Bu¨ttiker probe model for the
case of RR/G = 0.
The retarded source and drain self-energies ΣRS,D are
solved iteratively following Ref. [50,51]. To guarantee
smooth electron and hole transitions at the device/source
and device/drain interfaces, the retarded Bu¨ttiker probe
self-energy of Eq. (11) is included in the source and drain
self-energy calculation [52,53]. The Bu¨ttiker probe and
NEGF equations are iterated with the Poisson equa-
tion to achieve charge self-consistency. Piezoelectric and
spontaneous polarizations are included as well following
Ref. 9.
B. Drift diffusion models
The purely semiclassical bulk drift-diffusion(DD)
model [54] is applied on the homojunction pn diode with
a mesh spacing of 0.1 nm. In case of the pn diode includ-
ing a quantum well, the DD model is augmented with
quantum corrections for the bound states (DD+qwell) in
the well region [20]. That heterojunction device is dis-
cretized with an adaptive real space mesh [20] with aver-
age mesh spacing of 0.16 nm. Depending on their energy
and location, electrons and holes are separated into two
groups, ”bound states” and ”bulk states”. For electronic
energies below the barrier potentials (”bound states”)
at the GaN/InGaN interfaces, the Schro¨dinger equation
is solved assuming the wave functions vanishing at the
Schro¨dinger domain boundaries (i.e. Dirichlet bound-
ary conditions). The solution domain of the Schro¨dinger
equation is exceeding the InGaN quantum well by 10 nm
in both directions to account for the wavefunction pene-
tration into the barriers. Artificial bound states in GaN
that would arise from the Dirichlet boundary conditions
are avoided by limiting the lower bound of the GaN band
edge to the barrier potential at the GaN/InGaN inter-
faces [20]. For ”bulk states”, the DD equations are solved
throughout the structure, but the InGaN band edge is
shifted to the minimum of the barrier potentials at the
unaltered GaN/InGaN interfaces [20,55]. This ensures
all ”bulk states” do not face quantum well potential con-
finement.
Charge carriers of the two energy sets (”bound” and
”bulk”), are coupled to each other by a capture-escape
model [20]. Capture-escape rates for electrons and holes
respectively are added to the DD continuity equations to
allow transitions between ”bound” and ”bulk” particle
groups [20]. Recombination-generation mechanisms are
included in the continuity equations as well (Eqs. (2-4)).
Detailed balance is ensured and all Fermi levels uniquely
determined by using the same rates for carrier gain/loss
in the ”bound” and ”bulk” groups and for generation and
4recombination, respectively. For charge self-consistency,
the sum of the electron and hole ”bound” and ”bulk”
density is iterated with the Poisson equation.
III. RESULT
Three application scenarios (a pn-diode, a pn-diode
with a quantum well and an illuminated pn-diode with
quantum well) are used to benchmark the Bu¨ttiker
probe model against the semiclassical and quantum cor-
rected semiclassical models. The comparison shows the
two methods agree very well in situations without pro-
nounced quantum effects. The quantum corrections of
the semiclassical model capture quantum effects but the
results still deviate from those of a pure quantum me-
chanical treatment.
The pn diode is composed of 10 nm p type and 10 nm
n type doped GaN with the doping concentration of
1020/cm3 in each region. Both regions are periodic in
the transverse directions. The pn diode with the quan-
tum well differs from the pn diode by a 3.0 nm thick
intrinsic In0.13Ga0.87N quantum well layer. If not explic-
itly mentioned otherwise, the temperature is assumed to
be 350 K.
A. GaN pn junction
Figure 2(a) shows the position resolved band edge of
the GaN pn diode solved in DD and NEGF. Both re-
sults agree quantitatively. The charge distributions of
the two methods are depicted in Fig. 2(b). The ma-
jority carrier in each region shows agreement between
the two models while the minority charge from NEGF is
around 103 and 105 times higher in the depletion region
for electrons and hole, respectively. The minority carri-
ers enter the oppositely doped area due to tunneling -
as illustrated by the contour plot of the energy resolved
carrier density of NEGF in Fig. 2(a). Note, the tunnel-
ing is longer ranged for conduction band states with their
lighter effective mass than for the states in the valence
band. DD-based models do not capture this tunneling ef-
fect and the state-of-the-art quantum corrections do not
apply to ”bulk states”. The energy resolved density also
illustrates Urbach tails with the additional density at en-
ergies below (above) the conduction (valence) band edge.
It is worth to mention, decreasing λ to 5 meV in Eq. (11)
reduced the Urbach tail and decreases the OFF-current
by 10% while the ON-current changes only marginally.
Differences in the density entail deviations of the
recombination current density of the two models (see
Eqs. (2)-(4)). This is illustrated in Fig. 3 (a) which shows
the various contributions to the position resolved recom-
bination rate of DD and NEGF with Bu¨ttiker probes
for the situation in Fig. 2(b). For higher applied bias,
the effective barrier between n- and p-doped region re-
duces. Minority carrier tunneling becomes less relevant
FIG. 2. The GaN pn diode described in the main text with
a voltage of Vsd = 3.0V applied. (a) Conduction and valence
band profiles solved in DD (lines) and NEGF with Bu¨ttiker
probes (symbols) along with contour plots of the energy re-
solved carrier densities at vanishing in-plane momentum. (b)
Position resolved electron and hole densities solved in DD
(lines) and NEGF with Bu¨ttiker probes (symbols).
compared to the thermionic emission current [56]. In con-
sequence, the densities of DD and NEGF with Bu¨ttiker
probes at a higher voltages agree better and so do the
recombination rate contributions in Fig. 3(b).
The comparison of the total current density (Eq. (8))
predicted with DD and NEGF with Bu¨ttiker probes fol-
lows the same trend as can be seen in Fig.4. Low volt-
ages show pronounced deviations, whereas voltages above
about 3.2 V yield quantitive agreement in the total cur-
rent density. The recombination current density deviates
until about 3.5 V, but its relative contribution is insignif-
icant for voltages above 3.2 V. Note that the slope of the
IV-curve below Vsd =3.4V differs significantly between
the two models due to the different treatment of tunnel-
ing.
5FIG. 3. Spatially resolved recombination rates (RSRH(x),
Rradiative(x) and RAuger(x)) for the pn diode of Fig. 2 solved
in NEGF with Bu¨ttiker probes (symbols) and DD (lines) for
applied voltages of Vsd=3.0 V (a) and 3.6 V (b).
B. InGaN quantum well embedded in GaN pn
junction
When an In0.13Ga0.87N layer is added to the center
of the GaN pn junction, a quantum well in the conduc-
tion and valence band forms (see Fig. 5(a)). Unaltered
DD density results follow the band profiles[54]. Conse-
quently, the unaltered DD calculations yield maxima in
the carrier density close to the In0.13Ga0.87N/GaN inter-
faces (see Fig. 5(b)). In contrast, quantum corrected cal-
culations cover quantum confinement effects with wave-
function maxima of ”bound states” closer to the quantum
well center (see dashed lines for conduction Ψn,qwell and
valence Ψp,qwell band ”bound states” in Fig. 5(a)).
Calculations of NEGF with Bu¨ttiker probes do not dis-
tinguish between confined and continuum states but al-
low for smooth transitions between them. This is illus-
trated with the contour plot of the energy and position
resolved density of states (DOS) in Fig. 5(a).
Confined carriers in the quantum well extend into the
continuum of states. Continuum states are also modified
by the interference effects at the quantum well bound-
aries. Higher order quantum well states with energies
well beyond the barrier heights are still visible in the DOS
continuum (yellow lines in Fig. 5(a)). These effects are
missed in the quantum corrected DD model (DD+qwell)
that separates ”bound” and ”continuum” spectra. In de-
tail, the conduction and valence band ground state ener-
gies predicted in NEGF are approximately 0.13 eV higher
FIG. 4. Current-voltage characteristics of the pn diode of
Fig. 2 predicted by NEGF with Bu¨ttiker probes (symbols)
and DD (lines). The total current density (gray) contains the
contributions from the recombination current density (black).
than in DD+qwell. In consequence, the local density of
the three models differ (see Fig. 5(b)).
For an applied voltage of Vsd=4.0V the quantum well
ground states of conduction and valence bands are well
confined (see Fig. 6). In this case, a distinction of
”bound” and ”continuum” states as done in DD+qwell is
obvious. However, the energy resolved density in Fig. 6
for energies above the barrier potential (i.e. ”continuum”
states) still shows significant interference due to the po-
tential change at the quantum well. The interference pat-
tern of the electron (hole) density are best visible in the
n-doped (p-doped) region. These quantum effects add
resistance to the Bu¨ttiker probe scattering. Since the
Bu¨ttiker probe scattering strength was tuned to match
the mobility assumed in the DD calculations, the total
current density of the device in Fig. 6 is predicted lower
in NEGF than DD. This is illustrated in Fig. 7 which
shows the total ON current is about two times smaller in
NEGF than DD. Since the density of the confined state
in the quantum well of NEGF calculations is smaller than
in DD (see Fig. 5b), the recombination current density
of NEGF is smaller than in DD, too (see black lines and
symbols Fig. 7).
C. Illuminated InGaN quantum well embedded in
GaN pn junction
When various carrier generation rates due to solar light
absorption are included in the calculations of the InGaN
quantum well system of Figs. (5)-(7), the predicted cur-
rent density is linearly shifted to negative values (see
6FIG. 5. The GaN pn diode with an InGaN quantum well de-
scribed in the main text for an applied voltage of Vsd = 2.6V .
(a) Conduction and valence band profiles solved in DD+qwell
(lines) and NEGF with Bu¨ttiker probes (symbols) along with
a contour plot of the energy resolved density of states at
vanishing in-plane momentum. The dashed lines show the
squared absolute value of the ”bound” quantum well wave
functions in the DD+qwell model. For reasons discussed in
the main text, the ground state energies of DD+qwell and
NEGF differ, and NEGF covers quasi-bound states in addi-
tion (indicated with yellow lines and labeled with numbers).
(b) Position resolved electron and hole densities solved in
DD+qwell (lines) and NEGF with Bu¨ttiker probes (symbols).
Fig. 8) as common for solar cell operations [57]. The
open circuit voltage for DD calculations at 350 K tem-
perature is smaller than in the NEGF case. This is a
result of the different quantum well densities and recom-
bination rates discussed already in Figs. 5(b) and 7. With
a lower temperature of 100 K, the ground state energy
of the quantum well turns out to be larger than the con-
finement potential and the DD model does not find any
”bound states”. Then, the quantum well density of DD
calculations is lower than in NEGF, and same holds for
the recombination current density. Therefore, at 100 K,
a higher open circuit voltage is observed in DD than in
NEGF.
FIG. 6. The GaN pn diode with an InGaN quantum well of
Fig. 5 with a voltage of Vsd = 4.0V applied. Conduction and
valence band profiles solved in DD+qwell (lines) and NEGF
with Bu¨ttiker probes (symbols) are shown along with a con-
tour plot of the energy resolved density of states at vanishing
in-plane momentum solved in NEGF with Bu¨ttiker probes.
IV. CONCLUSION
This work augmented the Bu¨ttiker probe based scat-
tering model in the nonequilibrium Green’s function
framework to efficiently model electron-hole recombina-
tion and generation processes. Electrons and holes are
modeled as separate particles that observe particle con-
tinuity equations with explicit particle creation and de-
struction rates. The combined system of holes and elec-
trons conserves the current. These Bu¨ttiker probes are
applied on transport of electrons and holes in GaN pn-
junctions with and without an embedded InGaN quan-
tum well. The results are benchmarked against Drift-
Diffusion and quantum-corrected Drift-Diffusion calcula-
tions of Silvaco’s TCAD tool Atlas [20]. The two meth-
ods agree quantitatively except for situations with pro-
nounced carrier tunneling and interference. In particu-
lar, interference effects in the band continuum can create
quasi-bound states that impact the optoelectronic device
performance. In consequence and depending on the de-
tailed device geometry, temperature and applied bias the
open-circuit voltage of quantum well pn-junctions is un-
derestimated or overestimated in state-of-art TCAD sim-
ulations.
7FIG. 7. Current-voltage characteristics of the GaN pn diode
with a InGaN quantum well of Fig. 5 predicted by NEGF with
Bu¨ttiker probes (symbols) and DD+qwell (lines). The total
current density (gray) contains the contributions from the re-
combination current density (black). The inset illustrates a
difference of approximately 2x in the ON-current predicted
with NEGF and DD.
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